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Antibodies specific for ~6-methyiadeuosi~e fm6A) were elicited in rabbits and used to study the accessibility 
in intact snRNFs of the mGA residues present in the snRNAs U2, U4 and U6. The antibody ~uant~~tively 
precipitates nRNPs U2 and U4,KI6 from totat nucleoplasmj~ snRNPs U f-U6 isolated from HeLa cells, 
which demonstrates that the m6A residues of the respective snRNAs are not protected by snRNP proteins 
in the snRNP particles. While the anti-m6A IgG does not react at all with US RNPs lacking m6A, a signifi- 
cant amount of U1 RNPs was co-precipitated espite the fact that U1 RNA does not contain m6A either. 
Since anti-m6A IgG does not react with purified Ul RNPs and co-precipitation of Ul RNPs is dependent 
on the presence of U2 RNPs but not of U4/U6 RNPs, these data indicate an interaction between snRNPs 
UI and U2 in vitro. The anti-m6A precipitation pattern described above was also observed with snRNPs 
isolation from mouse Ehrlich ascites tumor cells, indicating similar three-dimensional arrangements of 
snRNAs in homologous snRNP particles from different organisms. 
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The small nuclear RNAs Ul f U2, U4, U5 and U6 
are the most abundant members of the U snRNA 
class which is found in eucaryatic cells (reviews 
[1,2]). While the snRNAs Ul, U2 and U5 exist as 
discrete ribonucleoprotein particles (snRNPs), the 
snRNAs U4 and U6 are organized in one and the 
same ribonucleoprotein complex [3,4]. The two 
RNAs are base paired together in the U4/U6 RNP 
particle f5]. Some of the U snRNP proteins are an- 
tigenic for the so-called anti-RNP and anti-Sm au- 
toantibodies which are often developed by patients 
suffering from autoimmune disorders such as 
systemic lupus erythematosus [6,7]. Both the struc- 
ture of the snRNAs and at least the antigenic do- 
mains of the snRNP proteins have been highly 
conserved evolutionarily. 
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In the cell the snRNPs appear to be involved in 
the processing of nuclear pre-mRNA. Experimen- 
tal evidence has been provided that all the major 
nucleoplasmic snRNPs UI-U6 participate in prin- 
ciple in the splicing of nuclear pre-mRNAs [S-15]. 
The snRNPs Ul and U2 appear to bind to the 5 ’ 
splice site and the branch point [10,16,17], respec- 
tively, while U5 RNP has been suggested to 
recognize the 3 ‘-end of an intron fl7,18]. The ex- 
act function of each individual snRNP particle at 
single steps of the splicing process which proceeds 
in the socalled 50 S-60 S spliceosomes [29,30], re- 
mains to be elucidated, however. 
An interesting feature of the snRNAs is their 
high content of modified nucieosides such as 
pseudoridines and methylated nucleosides (review 
[l]). The occwrrence and location of methylated 
nucieosides in the respective snRNAs have been 
highly conserved during evolution, which suggests 
that they may play an im~rtant role for the struc- 
ture and/or function of the snRNPs. For instance, 
with the single exception of US RNA, the U 
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snRNAs from all eucaryotic cells so far examined 
possess a 5 ’ -capped end with the highly methylated 
base msG at its 5’-terminus. The snRNAs U2, U4 
and U6 display one N6-methyladenosine (m6A) 
residue each and this at equivalent positions when 
the RNA molecules from a variety of organisms 
are compared (see [35] for a compilation of U 
snRNA sequences). 
A promising approach to study the role of 
modified nucleosides in RNA molecules is the use 
of nucleoside-specific antibodies (review [19]). We 
here demonstrate that antibodies specific for m6A 
which were raised in rabbits precipitate snRNPs 
U2 and U4/U6, indicating that the m6A residues of 
the respective snRNAs are located at the surface of 
the intact snRNPs and are not shielded by snRNP 
proteins. The immune precipitation assays further 
reveal an interaction in vitro between snRNPs Ul 
and U2. 
2. MATERIALS AND METHODS 
2. I. Cell growth and labeling conditions 
HeLa cells (S3 strain) and mouse Ehrlich ascites 
tumor cells (EATC) were grown in suspension 
culture and labeled with [32P]orthophosphate 
essentially as in [3,21]. 
2.2. Preparation of the immunogen and 
immunization 
m6A purchased from Sigma was conjugated to 
bovine serum albumin (BSA) and keyhole limpet 
hemocyanin (KLH) via the periodate-oxidized 
nucleoside as described [22]. The immunogen 
m6A-BSA was characterized by spectral analysis 
[23]. The number of m6A residues bound per 
molecule of carrier protein was determined by 
measuring the ratio of absorbance at 260 and 
280 nm, respectively [24], and was calculated to be 
11 and 20 for BSA and KLH, respectively. Two 
randomly bred rabbits (R1280, R1281) were im- 
munized at multiple dermal sites with 2 mg m6A- 
BSA in complete Freund’s adjuvants on days 0, 28, 
35 and 42. Rabbits were bled 1 week after final in- 
jection and after each monthly boost. Anti-m6A 
IgGs were purified from the rabbit sera as de- 
scribed [25]. 
2.3. ELISA 
The specificity of anti-m6A IgGs was in- 
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vestigated by a microtiter ELISA. m6A-KLH was 
adsorbed to the wells of polystyrene multiwell 
microtiter plates (250 ng/well which accounted for 
about 60 pmol m6A) by incubation for 14 h at 
4°C. After washing the wells three times with PBS, 
pH 7.4 (0.02 M potassium phosphate, pH 7.4, 
0.15 M NaCl), the plates were saturated with 1% 
(w/v) ovalbumin (OVA) in PBS, pH 7.4, for 2 h at 
room temperature. After another three washes 
with PBS, pH 7.4, 50 ~1 of the respective inhibitor 
nucleoside diluted to the appropriate concentra- 
tion in PBST (PBS containing 0.1% (w/v) Tween 
20) was added, followed by 50~1 anti-m6A IgGs 
(0.1 pg/ml in PBST). The plates were incubated 
for 2 h at room temperature and washed three 
times with PBST. Bound m6A-specific antibodies 
were detected by incubating the plates with 80 ~1 of 
an anti-rabbit IgG-phosphatase conjugate (1: 1000 
dilution in PBST of the commercial stock solution, 
which was purchased from Sigma) for 2 h at room 
temperature. The plates were washed as described 
above, and 80 ,J p-nitrophenyl phosphate 
(1 mg/ml in 0.1 M NaHCO3, pH 9.5, 0.002 M 
MgC12) was added. After 2 h the absorption of the 
yellow-colored product p-nitrophenol was 
measured at 405 nm using a micro-ELISA-auto- 
reader (Dynatech). 
2.4. Isolation of U snRNP particles and 
immunoprecipitation assays 
snRNP particles Ul, U2, US and U4/U6 were 
purified from nuclear extracts of both HeLa cells 
and EATC by immunoaffinity chromatography 
with rabbit anti-m3G IgG, essentially as in [20]. A 
fraction of snRNPs containing only the snRNPs 
Ul, U2 and U5 was obtained by differential salt 
elution of anti-m3G antibody-bound snRNPs as 
outlined in detail previously [3]. Pure Ul RNPs 
were obtained from this latter snRNP mixture by 
chromatography on DEAE-Sepharose columns 
[26,27]. Immunoprecipitation assays and RNA 
analysis were performed as described in [21]. 
3. RESULTS 
3.1. Characterization of antibodies against m6A 
Antibodies against m6A were elicited in two ran- 
domly bred rabbits immunized with a conjugate of 
m6A and BSA. The specificity of anti-m6A an- 
tibodies from rabbit 1280 was investigated by 
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testing several nucleosides in a competitive 
microtiter ELISA for their ability to inhibit the 
reaction between purified anti-m6A IgG and m6A- 
KLH. The high apparent affinity of the antibody 
for m6A is largely determined by the presence of 
the p-methyl group on the purine ring. This is 
demonstrated by our findings that concentrations 
of the nonmethylated adenosine between lo”‘- and 
10s-times higher were necessary to produce the 
amount of inhibition produced by m6A, while 
6-methylaminopurine (m6Ade) was almost as effi- 
ciently bound by anti-m’. IgG as m6A (fig. I), The 
presence of an additional bulky methyl group at N6 
(m6,6A) reduces the affinity of the antibody by 
about one order of magnitude (fig.1). The an- 
tibody crossreacts to some extent with 
1-methyladenosine (m”A) and also with 2’-O- 
methyladenosine (Am) (fig. 1). The quantities of 
both nucleosides required to achieve a 50% inhibi- 
tion of antibody binding were about lOO-500-fold 
higher as compared to m6A (fig.1). Low cross- 
reactivity of rabbit anti-m6A antibodies with m’A 
and Am has also been observed previously 1231. 
The structural basis for the reaction of anti-m6A 
IgG with Am in particular is not quite clear. The 
possibility that it is due to the presence of antibody 
populations which selectively recognize the ribose 
methyl group can be excluded, however, as 2*-O- 
methylcytidine is a very poor inhibitor (fig.1). It is 
important to note that the antibody did not react 
at all with methylated guanosines uch as m3G and 
m*G (not shown), which are also present in U 
snRNAs. 
3.2. Reaction of anti-m6A antibodies with isolated 
snRNP particles 
Reactivity of anti-m6A antibodies towards the 
snRNPs Ul, U2, U5 and U4/U6, which were 
purified by affinity chromatography with anti- 
m3G IgG, was investigated by immunoprecipita- 
tion assays. Most importantly the snRNPs U2 and 
U4/U6 were almost quantitatively precipitated by 
INHIBITOR 1 p mol 1 
Fig. 1. Competitive ELISA with anti-m6A antibodies and several competitor nucleosides. *Enzyme-linked 
immunosorbent assays were performed as described in section 2. The decrease in binding of anti-m6A antibodies to 
polystyrene-adsorbed m6A-KLH in the presence of increasing amounts of several competitor compounds as indicated 
in the figure is presented by inhibition curves. 
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anti-m6A IgG from the reaction mixtures (fig.2A, the snRNAs U2, U4 and/or U6 are accessible for 
lane 2). Only minimal amounts of the two snRNP the antibodies in the intact snRNP particles and 
species were retained in the supernatant (fig.2B, 
lane 2). This demonstrates that the m6A residues of 
are not shielded by snRNP proteins. As the 
snRNAs U4 and U6 reside in one and the same 
Fig.2. Reactivity of anti-m6A antibodies with purified snRNPs Ul-U6. Total nucieop~asmic snRNPs UL-U6 purified 
from in vivo 32P-labeIed HeLa cells (A,B) and EATC (C) by immunoaffinity chromatography with anti-m& antibodies 
were reacted with specific antibodies as indicated at the top of the Ianes. Immune complexes were precipitated using 
protein A-Sepharose, and the extracted RNAs were analysed by electrophoresis on 10% polyacryiamide gels containing 
7 M urea and TBE (0.1 M Tris-borate, pH 8.3, 0.002 M EDTA). (A) Autorad~ogram of fractionated RNA species 
extracted from total nucleoplasmic snRNPs Ul-U6 isolated from HeLa cells (lane 1) and from immunoprecipitates 
following reaction with anti-m6A IgGs (Iane 2), anti-m6A IgGs in the presence of 10 mM M& (iane 3), IgGs of a rabbit 
preimmune serum (lane 4) and human anti-Sm IgGs (lane 5). (B) Analysed RNAs purified from the respective 
supernatants of immunoprecipitates with anti-m6A IgGs in the presence of X0 mM m6A (lane l), anti-m6A IgGs (lane 
2) and anti-Sm IgGs (lane 3). (C) RNA species extracted from purified nucIeoplasmic snRNPs U 1 -US of EATC (lane 
1) and from immunoprecipitates following reaction with IgCs from a preimmune serum (lane 2) and anti-m6A IgGs 
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(lane 3). 
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r~b~~~~l~o~r~t~~n particie we cannot distinguish 
whether only one or both of the m6A residues react 
with the antibody. While no reaction at all was 
observed with snRNP U5, a small amount of the 
Ul snRNPs present in the reaction mixture (about 
10%) was reproducibiy precipitated by the anti- 
m6A IgG (fig.2A, lane 2). The latter finding is sur- 
prising insofar that Ul RNA does not contain an 
m6A residue and could therefore indicate an 
association of Ul RNP with one of the other 
snRNP particles (see below). The precipitation of 
the snRNPs by anti-m6A IgG is specific since the 
rabbit pre-immune serum did not react (fig.2A, 
lane 4). Furthermore, reaction of anti-m6A with 
the snRNPs was completely abolished when the an- 
tibody binding sites were blocked with excess of 
nucleoside m6A (fig.2A, lane 3). Qur finding that 
anti-Sm autoantibodies precipitate a11 snRNPs 
Ill-U6 almost quantitativeIy (fig.2A and B, Ianes 
5 and 3, respectively) demonstrates the integrity of 
the isolated snRNP particles. 
It should be noted that the anti-m6A precipita- 
tion pattern described above is not only observed 
with snRNPs from HeLa cells. Qualitatively the 
same results were obtained with snRNPs from 
mouse Ehrlich ascites tumor cells (fig.ZC). 
in vitro 
Two possibiiities may be considered to explain 
our finding that UI RNP is co-precipitated by anti- 
m6A IgG (fig.2) despite the fact that Ul RNA itself 
does not contain an m6A residue. The simplest ex- 
planation would be cross-reactivity of anti-m6A 
IgG with a nucleoside in Ul RNA other than m6A. 
Alternatively, the ho-precipitation of Ui RNP 
could indicate an association of Ul RNP with 
either snRNP U2 or U4iU6. 
The first possibility was excluded by im- 
munopre~ipitation assays with isolated Ul snRNPs 
which were purified from the mixture of snRNPs 
Ul-U6 by DEAE chromatography. Anti-m6A IgG 
did not precipitate Ul RNPs to levels above the 
background observed for the preimmune serum 
(fig.3A, lanes 4,5). As a control, nearly quan- 
titative reaction with Ul RNPs was observed with 
anti-m3G and anti-Sm antibodies, which 
underscores the structural integrity of the Ul 
snRNP preparation (fig.SA, lanes 2,3). As the 
above results favor an interaction of Ul RNP with 
one of the other snRNPs, this possibility was in- 
vestigated in more detail. When a mixture of 
purified snRNPs Ul, U2 and US only was reacted 
with anti-m6A IgG, Ul RNPs were still 
precipitated together with U2 RNPs (fig.3B, lane 
2), and to the same extent as observed for the im- 
munoprecipitations from total snRNPs UT-U6. 
Again no reaction at all was observed with US 
113 
Fig.3. Reactivity of anti-m6A 1gG.s towards fractions of 
isolated snRNPs. Purified Ul RNPs (A) and a fraction 
comprising snRNPs Ul, U2 and US (B) were used as a 
source of antigen for immunoprecipitation assays. The 
photograph in A shows the gel fractionated and 
ethidium bromide-stained RNAs extracted from pure Ul 
RNPs (lane 1) and immunoprecipitates obtained after 
reaction with anti-Sm IgGs (lane 2), anti-m& IgGs (lane 
3), anti-m6A IgGs (lane 4) and IgGs from a rabbit 
preimmune serum (lane 5). The autoradiogra~~ shown 
in B represents the RNA species purified from the 
fraction encompassing Ul, U2 and US RNPs (Iane 1) 
and ~muna~re~ipitates using anti-m6A IgGs (lane 2) 
and IgGs from the rabbit preimmune serum (iane 3). 
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RNPs (fig,?E, lane 2). These data indicate an in- 
teraction in vitro between isolated snRNPs U 1 and 
U2” 
4, DISCUSSION 
Our results demonstrate that the m”A residues of 
the snRNPs U2 and U4/U6 are accessible for anti- 
m&A antibodies in the isolated particles. This in- 
dicates that the m6A residues cannot be necessary 
for the binding of snRNP proteins themselves. It is 
more Iikelg, therefore, that these methyIated 
~e~osi~~s might participate in creating a binding 
site for other factors with which the respective 
snRNPs interact in the cell n&ens, In this respect 
it shauId be noted that in h~R~~~s~~NP com- 
plexes the 5 ‘-terminaI 32 nucteotides of U2 RNA, 
which include the U2 m6A residue, are protected 
against micrococcal nuclease digestion, whereas 
they are degraded when isolated snRNPs are 
treated with the nuciease [28], indicating that this 
area is involved in complex forrn~ti~~ with other 
co~lp~ne~ts of hnRNPs. It will be of interest o in- 
ventilate whether in 50-60 S spli~~osom~s~ which 
are known to contain U2 RNPs fI7,3I] and which 
are fu~ction~ly better defined than the mixture of 
hnRNPs, the residue of U2 RNA will be accessible 
for the anti-m6A antibody. The antibody should 
also be very helpful to elucidate further the func- 
tion of the U4/U6 RNP part& in processing of 
pre-mRNAs in vitro. 
In addition to its potential applications for 
studies on the functional rale of the m”A residues 
of snRNPs U2 and U41U6, the anti-m6A antibody 
can also be used as a powerful tool for the isofation 
and fra~tionati5n of the respective snRNPs by im- 
m~~~affi~ity ~hr5mat5graphy 1273. 
Another interesting resuft which emerged from 
the present study is the finding that, although UT 
RNA does not possess an m6A residue, Ul RNPs 
were co-precipitated to some extent when isolated 
snRNPs were reacted with anti-m6A antibodies 
(fig.2) Since purified Ul RNPs themselves were 
not reactive with anti-m6A IgG and, furthermore, 
Ul RNPs were co-precipitated with lJ2 RNPs even 
in the absence of snRNPs U41U6 (fig.3), our 
resuhs favor an interaction between snRNPs UI 
and U2 in vitro. The abuve Endings were surpris- 
ing insofar that we have so far never observed the 
reciprocal effect, viz. ~5-pr~ipita~i~~ of U2 with 
3x4 
UI RNPs when purified endogenonsIy labeled 
snRNPs had been reacted with anti-RNP &moan- 
tibodies or with mono&on& antibodies against UI 
RNP-specific proteins. Along the same lines au- 
toantibodies directed against the U2-specific pro- 
tein A’ precipitated oniy U2 RNPs [32,33], This 
indicates that the binding of antibodies to the pro- 
teins somehow interferes with the interaction be- 
tween Ul and U2 RNPs, while this appears not to 
be the case for the binding site of anti-m6A IgG an 
the U2 RNP particle. 
Our data are in good agr~ment with a recent 
report by Mattaij et al. f34], wh5 were able to co- 
pr~ip~~at~ a fraction of the other snRNP species 
from extracts of ~~~~~~~ oocytes with 
rnonos~~~fi~ antibodies against UI - or UZ-specific 
proteins in ezlch case. The interaction between the 
two snRNPs could only be detected when either Ui 
or U2 RNA was labeled with very high specific ZLC- 
tivity by amplified transcription of the respective 
snRNA genes microinjected in X. iaevis oacytes 
1341. 
The s~RN~s UI and U2 may associate in vitro 
by protein-prutei~~ protein-RNA and RNA-RNA 
interactions. In this respect it is interesting to note 
that snRNAs Ui and U2 show some sequence com- 
p~ern~~tari~~, raising the possibility that inter- 
molecufar base pairing might be one factor of the 
interaction” In support of this possibility we have 
recently been able to crosslink the snRNAs U 1 and 
U2 upon irradiation of purified snRNPs Ul-U6 
with UV light in the presence of the double-strand- 
specific psaralen reagent (Wenz, J., Rinke, J, and 
R.L., unpublished~. 
The question as to whether the observed i~t~r~~- 
tion between isoIated snRNPs Ul and If2 in vitro, 
though specific, is fun~ti5naII~ mea~in~fuI cannot 
be answered from the present investigati~~s~ Given 
the fact that snRNPs Ul and U2 recognize tke 5’ 
sphce site and the branch point of the intron, 
respectively, together with the finding that both 
RNPs are assembled into the 50-60 S active sphc- 
ing complexes (Ul RNP at least transiently) 
[10,16,17,29-313, it is tempting to suggest that by 
interaction with each other in the spliceosomes the 
two RNPs might help to bring the intro&s 5 ’ -end 
and the branch point into close proximity. The 
possibility of cross&king the snRNPs UI and U2 
t5gether in the spIice5s5mes wifl be a crucial test 
f5r such a model. 
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